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ABSTRACT 
A number of commercially available radial head (RH) implants are used for the management 
of RH fractures. The optimal shape of a RH implant to restore joint mechanics to the native 
state has not been established. This work compares radiocapitellar contact and kinematics for 
three implant designs as well as the native RH. These implants include an axisymmetric, a 
quasi-anatomic and a patient-specific design. When compared to the native RH, only the 
axisymmetric implant was significantly different in contact area (p=0.008). Active and 
passive forearm supination was assessed for differences in translations of the RH. Significant 
differences were found in anterior-posterior translations during active forearm supination 
between the axisymmetric implant and the native RH (p=0.014) and between the quasi-
anatomic implant and native RH (p=0.019). This work demonstrates that while an anatomic 
implant appears to improve radiocapitellar contact and kinematics, future efforts are needed 
to optimize the materials employed in these devices.  
 
 
Keywords 
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Replacements, Joint Contact, Kinematics, Computer Assisted Surgery 
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1 CHAPTER 1 - INTRODUCTION 
OVERVIEW: The overall goal of this thesis is to compare the joint contact mechanics and 
forearm rotation kinematics of two novel anatomical radial head implant designs to that 
of an axisymmetric design and the native radiocapitellar joint.  This chapter provides an 
introduction to the anatomy of the elbow and its primary functions, with a focus on the 
radial head. An overview of radial head treatment options and currently available 
implants are presented as well. A description of the design of the novel implants is also 
provided. The project objective, hypotheses, rationale and thesis outline are summarized.  
1.1 The Elbow Joint 
The human elbow is made up of three bones; the humerus, the radius and the ulna. 
Together these bones make up three congruent joints which allow for two degrees of 
freedom; flexion/extension of the elbow and forearm rotation. Collectively the many 
muscle groups, ligaments and articulating bony structures provide the elbow with 
maximum stability.  The elbow is essential to everyday life as it controls the length of 
reach and orientation of the hand.  
1.1.1 Osteology 
The humerus, radius and ulna (Figure 1.1) bones make up three articulating joints of the 
elbow: the ulnohumeral joint, the radiocapitellar joint and the proximal radioulnar joint 
(PRUJ). The ulnohumeral joint consists of the greater sigmoid notch of the ulna 
articulating with the trochlea of the humerus. This joint allows for flexion/extension 
(Figure 1.2 A) with some laxity, and provides most of the bony stability in the elbow 
2 
 
joint. The radiocapitellar joint is made up of the radial dish and the capitellum of the 
humerus. The radius tracks along the ellipsoid-like capitellum (Sabo et al., 2011) in 
flexion/extension as well as rotates against it during pronation/supination (Figure 1.2 B). 
The radiocapitellar joint also provides stability to the elbow joint. The PRUJ is formed by 
the radial notch found on the lateral side of the ulna and approximately 240 degrees 
(Morrey, 2008) of the circumference of the radial head. This joint allows for rotation of 
the forearm.  
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Figure 1.1 The Elbow 
The elbow is made up of three bones: the humerus, the ulna and the radius. Together 
these bones make up three joints: the radiohumeral (radiocapitellar) joint, ulnohumeral 
joint and proximal radioulnar (PRUJ) joint (Deluce, 2011). 
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Figure 1.2 Motion of the Elbow 
A. Elbow flexion and extension 
B. Forearm rotation: pronation and supination 
(Deluce, 2011)  
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1.1.2 Ligaments and Joint Capsule  
Two of the main sources of stability in the elbow are the medial collateral ligament 
(MCL) and the lateral collateral ligament (Figure 1.3). The MCL is comprised of the 
transverse, anterior and posterior bundles. The anterior bundle is the main contributor to 
valgus (angulation of the forearm away from the body) elbow stability in this ligament 
group. The MCL originates at the medial epicondyle (near the axis of flexion) of the 
humerus with the anterior bundle extending to the proximal ulna near the coronoid and 
the posterior portion extending the proximal ulna near the mid portion of the greater 
sigmoid notch.  
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Figure 1.3 The Medial Collateral Ligament 
The MCL, shown in blue, is an important valgus stabilizer for the elbow (Deluce, 2011). 
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The other major ligament group is the lateral collateral ligament (Figure 1.4). The main 
components of this structure are the radial collateral ligament (RCL), the lateral ulnar 
collateral ligament (LUCL) and the annular ligament. The LCL originates at the lateral 
epicondyle of the humerus (in line with the axis of flexion). The RCL extends to the 
annular ligament, whereas the LUCL extends distal to the posterior portion of the annular 
ligament to insert on the ulna. The LCL is the main stabilizer of the elbow to varus 
(angulation of the forearm towards the body) loads. The annular ligament extends from 
the proximal ulna posterior to the radial notch, surrounds the radial head and inserts on 
the ulna anterior to the radial notch. The annular ligament keeps the radius in contact with 
the radial notch of the ulna therefore stabilizing rotation of the proximal radioulnar joint.  
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Figure 1.4 The Lateral Collateral Ligament 
The LCL is made up of the radial collateral ligament (orange), the lateral ulnar 
collateral ligament (green) and the annular ligament (yellow) (Deluce, 2011). 
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The entire elbow joint is also surrounded by the joint capsule. As the elbow is a synovial 
joint, it must be surrounded by synovial fluid. This fluid is important for cartilage 
nutrition, acts as a lubrication medium as well as a shock absorber. The cartilage covering 
the articular surface of the elbow bones requires this fluid to move smoothly during joint 
motion. The joint capsule attaches proximal to the coronoid and radial fossae on the 
anterior portion of the humerus and above the olecranon fossa on the posterior humerus 
(Morrey, 2008). The distal portion of the capsule attaches to the anterior coronoid and the 
annular ligament and posterior sigmoid notch.  
1.1.3 Muscles 
The muscles surrounding the elbow help to stabilize the joint during motion. There are 
flexors, extenders, pronators and supinators that allow the two degrees of freedom in this 
joint (Figure 1.5). The main flexors of the elbow are the biceps, brachialis and 
brachioradialis. The main extender is the triceps. The pronators are the pronator teres and 
pronator quadratus and the supinators are the biceps and supinator.  
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Figure 1.5 The Muscles of the Elbow  
Many muscles play a role in flexion/extension, pronation/supination, and overall stability 
of the elbow joint. The main muscles are displayed in this image (Stacpoole, 2002). 
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1.2 Radial Head  
The radial head is a key bony stabilizer of the elbow. The greatest amount of force 
through the radial head is seen with the arm in pronation (Morrey, 2008). When the 
elbow sustains a MCL injury, the radial head is essential to stability as it is considered a 
secondary stabilizer in preventing elbow dislocation under valgus stress (Morrey, 2008).  
1.2.1 Morphology of the Proximal Radius and the Radial Head 
The majority of studies that have explored the shape of the radial head have determined 
that it is elliptical in shape (Figure 1.6A). Multiple studies have confirmed that the major 
axis and minor axis are different in length (King et al., 2001; Swieszkowski et al., 2001; 
van Riet et al., 2003). The articular portion of the radial head is flat and taller whereas the 
non-articular side is shorter and rounded (to constrain the annular ligament) (Spinner and 
Kaplan, 1970) (Figure 1.6B). Furthermore, it has been shown that the radial head is 
variably offset from the neck of the proximal radius (King et al., 2001; van Riet et al., 
2004) (Figure 1.6B). This offset may be essential to forearm rotation, creating a cam 
effect between the radius and ulna at the proximal radial ulnar joint (PRUJ).  
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Figure 1.6 Morphology of the Radial Head  
A. Superior view of the radial head demonstrating that the centre of the dish is offset 
from the centre of the radial head circumference. 
B. Medial view of the proximal radius demonstrating the difference in curvature 
between the articular (red) and non-articular (blue) portions as well as the tilt 
between the radial head and long axis of the radius.  
(Deluce, 2011)  
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1.2.2 Radial Head Fracture 
Radial head fractures occur in approximately 33% of all elbow fractures (Mason, 1954; 
Morrey, 2008). The most common form of trauma is the result of a fall with an 
outstretched arm with the elbow flexed slightly and pronated.  During impact, an axial 
load on the eccentric radial head causes the posterolateral portion of the radial head to hit 
the capitellum, resulting in an anterolateral fragment breaking off (Morrey, 2008). Other 
common mechanisms are valgus and axial loading injuries. 
1.2.2.1 Classification 
Radial head fractures can be classified into three types known as the Mason 
Classification (Mason, 1954). Type I is a marginal fracture with no displacement, Type II 
involves marginal sector fractures with displacement, and Type III is a comminuted 
fractures that involves fracture of the entire head (Figure 1.7) (Mason, 1954).  
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Figure 1.7 The Mason Classification System  
I. Type I - Nondisplaced Fracture 
II. Type II - Displaced Fracture 
III. Type III - Comminuted Fracture 
(Deluce, 2011)  
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1.2.2.2 Treatment 
The treatment for radial head fractures has changed significantly over the years. The 
current treatment is based on the severity of the fractures and the presence of associated 
injuries.  
Non-operative treatment is favoured for Type I and II fractures, where displacement is 
minimal as long as there is no mechanical block to motion (VanBeek and Levine, 2010) 
(Figure 1.8 A). Early active motion is preferred to reduce elbow stiffness. For more 
complicated injuries, such as Type III, where the fracture is displaced and there are 
associated tissue injuries, operative treatment is considered; open reduction and internal 
fixation (ORIF), excision, and arthroplasty (Figure 1.8 B-D). ORIF is usually quite 
successful with simple displaced fractures, but complications are frequent when the 
fracture is more complex (Ring et al., 2002). Excision of the radial head is a controversial 
treatment for radial head fractures, specifically when there is an associated tissue or bony 
injury. Excision can result in complications that include instability, loss of strength, 
excess loading on the ulnohumeral joint leading to osteoarthritis, migration of the 
proximal radius and wrist pain (Leppilahti and Jalovaara, 2000; Stuffmann and Baratz, 
2009; VanBeek and Levine, 2010). Radial head arthroplasty has shown good results thus 
far in the medium to short-term (Chien et al., 2010; Grewal et al., 2006; Moro et al., 
2001; Zhao et al., 2007); however, long-term follow up studies have not yet been 
completed. Most radial head implants are metallic, a much stiffer material than bone. 
Furthermore the majority have an axisymmetric shape in spite of the elliptical nature of 
the native radial head. This can result in complications such as damage to the capitellum, 
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increased ulnohumeral loading leading to osteoarthritis and implant failure (Burkhart et 
al., 2010; Harrington et al., 2001; Herald and O'Driscoll, 2008; Popovic et al., 2007).  
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Figure 1.8 Radial Head Fracture Treatments  
A. Radial head fracture treated without surgery 
B. Radial head fracture treated with excision 
C. Radial head fracture repaired with open reduction and internal fixation (ORIF) 
D. Radial head fracture replaced with an implant 
(Deluce, 2011) 
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1.3 Considerations for Radial Head Implant Design 
1.3.1 Load Transfer  
At the radiocapitellar joint, models of force distribution have calculated loads to be as 
high as three times body weight during a normal activity, such as pushing inward against 
an external force (Amis et al., 1979). Halls and Travill conducted an in vitro study that 
showed force being transmitted across the elbow as approximately 40% through the 
ulnohumeral joint and 60% through the radiocapitellar joint in full extension (Halls and 
Travill, 1964). Furthermore, a traditional force-displacement study by Hotchkiss and 
Weiland has attributed 30% of the resistance to valgus stress to the radial head (Hotchkiss 
and Weiland, 1987). Radial head implants must be designed such that the shape and 
material can withstand these loads.  
1.3.2 Current Designs 
Early radial head implant designs were constructed from various materials, such as 
silicone, vitallium and acrylic (Cherry, 1953; Speed, 1941; Swanson et al., 1981). These 
materials proved to be insufficient to withstand the loads within the elbow. The use of 
axisymmetric metal implants has become the norm, as they have sufficient strength to 
resist stresses in the joint and withstand axial loads (Judet et al., 1996; Knight et al., 
1993). These designs are available in monoblock systems (Figure 1.9 A) as well as 
articulating bipolar systems (Figure 1.9 B). These axisymmetric implants may use a loose 
fitting smooth stem or a bipolar stem to compensate for their lack of anatomic shape and 
to allow for the head to self-align within the radiocapitellar joint and the PRUJ. There is 
19 
 
currently one anatomically shaped implant commercially available for use (Anatomical 
Radial Head System, Acumed, Hillboro, OR, USA) (Figure 1.9 C); however, this implant 
relies on precise placement and secure fixation.  
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Figure 1.9 Radial Head Implants 
A. Evolve Proline Radial Head System with axisymmetric head and smooth stem. 
(Wright Medical Technology Inc., Arlington, TN, USA) 
B. RHS Radial Head System bipolar axisymmetric implant with short and long stem 
designs. (Tornier, Stafford, TX, USA) 
C. Anatomic Radial Head System which is designed to allow for bone ingrowth.  
(Acumed, Hillboro, OR, USA) 
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The radial head implants that are currently available all come with limitations. Bipolar 
implants have shown a reduced capacity to resist radiocapitellar subluxation when 
compared to non-bipolar designs (Chanlalit et al., 2011). Complications with implant 
height, especially related to joint over stuffing have been observed as well (Frank et al., 
2009). Current anatomical designs rely on anatomical landmarks (i.e., biceps tuberosity, 
radial head major axis and distal radius) for proper implant alignment. These landmarks 
have been shown to be poorly correlated with each other (Katchky et al., 2011) and 
sometimes are damaged in the initial injury and therefore, cannot always be used for 
implant positioning. 
1.3.3 Novel Implant Designs 
Anatomically shaped implants were previously developed as described by Deluce 
(Deluce, 2011). These implant concepts were used to conduct the research presented in 
this thesis. They consist of population based quasi-anatomic designs and reverse 
engineered patient-specific designs.  
1.3.3.1 Population Based Designs 
Population based implants take into account the geometry of a sample population. 
Anatomical models of human radii are made from medical imaging techniques such as 
computed tomography or magnetic resonance imaging and measurements are made on 
every model in the sample. These measurements can then be grouped into similar 
categories based on size and averaged to create a series of anatomically shaped implants. 
When using computed tomography, this makes the anatomically shaped implants similar 
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to the geometry of the bone, ignoring the contribution of articular cartilage. Although 
they are based on population averages (and hence termed “quasi-anatomic”), this is much 
more feasible than creating patient-specific implants.  
1.3.3.2 Reverse Engineered Implants 
Reverse engineered implants make use of medical imaging technologies to determine the 
exact geometry of specific bone. A 3D model of the radial head is made from the imaging 
data. This bone model is measured thoroughly and these measurements are then used to 
replicate the native anatomy exactly. Then patient-specific implants are manufactured. 
These implants are currently very costly and have a design and fabrication delay because 
they are custom fabricated instead of mass produced, like most commercially available 
off-the-shelf implants.    
1.4 Joint Contact 
1.4.1 Contact Mechanics 
Measuring contact area within the joint is important in determining load distribution. 
Contact mechanics can also be used as a metric to assess whether implants are 
performing similarly to the native articulations.  This can aid in the design of implants 
that reproduce a more natural joint. Also, it is important to note that contact area is 
somewhat inversely correlated with contact stress. Therefore, by studying contact area, 
estimations on the changes in contact stress and the prediction of patterns of cartilage 
wear and sites of potential osteoarthritis can be made.  
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1.4.2 Measurement Techniques 
There are many ways to measure contact area that have been described in the literature. 
These techniques include pressure-sensitive film (Haut, 1989; Huberti and Hayes, 1984; 
Matsuda et al., 1997; Ronsky et al., 1995; Van Glabbeek et al., 2004), cartilage staining 
(Black et al., 1981; Stormont et al., 1985), silicone casting (Lalone et al., 2012b; Lalone 
et al., 2012a; Liew et al., 2003; Stormont et al., 1985), and imaging techniques (Ateshian 
et al., 1994; Besier et al., 2005; Eisenhart-Rothe et al., 2004; Heino and Powers, 2002; 
Lalone et al., 2012a). The majority of these techniques are invasive and are performed in 
vitro; however, imaging techniques can be used in vivo.  
Silicone casting is considered the gold standard method for studying joint contact area 
(Stormont et al., 1985). This technique has been proven repeatable and accurate (Liew et 
al., 2003). The basic technique consists of filling a joint with a liquid silicone material. 
The opening used to get into the joint is then closed and the silicone is left to harden. 
Once the cast has cured, it is carefully removed from the joint and can be assessed for 
contact area.  
Various techniques have been described to measure the area seen on the cast. One way to 
determine the area is to refit the cast to the articular surface of each bone (one at a time) 
and measure it qualitatively (Stormont et al., 1985). One quantitative method involves 
scanning the cast and tracing the inner area on the computer image (Liew et al., 2003). 
Since the joint surface is curved, there can be some limitations to measuring in two-
dimensions. To avoid these limitations, Lalone et al. measured the contact area of casts 
using an optically tracked calibrated stylus to trace the area of joint contact (Lalone et al., 
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2012b). A three-dimensional surface model of the resulting contact patch was constructed 
and the surface area of the patch, which corresponded to total contact area, was 
calculated.  
There is some error with the casting technique. Contact area could be overestimated due 
to a thinning around the edge of the contact area that may be torn during the removal of 
the cast or not easily visible against the cartilage surface. Therefore, it is essential to be 
careful when measuring the contact area and when removing the cast from the joint.  
1.5 Kinematics 
The elbow joint is a combination of a hinge (ginglymus) and pivot (trochoid) joint. This 
combination is also known as a trochoginglymoid joint. The ulnohumeral and 
radiocapitellar joints function together to allow flexion and extension of the “hinge”. The 
axis about which the elbow flexes can be approximated as a line that goes through the 
centre on the greater sigmoid notch of the ulna and the centre of the capitellum 
(Brownhill et al., 2006). The elbow has been identified as a sloppy hinge with slight 
laxity. This means that the flexion axis does not remain at a fixed location (Duck et al., 
2003). The average elbow has a range of flexion from 0°-145° (Boone and Azen, 1979). 
The radial head and proximal ulna, which together make up the proximal radial ulnar 
joint (PRUJ) allow a “pivot” or rotation of the forearm. The axis about which the forearm 
rotates extends from the centre of the radial head through the centre of the distal ulna 
(Hollister et al., 1994). The average forearm has a range of 70° in pronation to 85° in 
supination (Boone and Azen, 1979).  
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The elbow joint does have some inherent laxity and therefore, during both 
flexion/extension and pronation/supination, translations are observed. Most of these 
translations are at the radial head. These translations can be seen in the medial-lateral 
direction, anterior-posterior direction and proximal-distal direction.  
1.6 Study Rationale 
It has previously been reported that axisymmetric radial head prostheses do not 
adequately match the morphology of the native radial head (Beredjiklian et al., 1999). 
Other ‘anatomic’ implants strive to replicate the anatomy of the radial head, but 
differences in implant shape from the native radial head and errors in alignment may 
easily occur when only visual landmarks are used for implantation. These errors may 
result in abnormal motion and contact patterns; leading to implant failure as a 
consequence of loosening and/or capitellar cartilage overload.  Novel anatomically 
shaped implants (both population based quasi-anatomic and reverse engineered patient-
specific) have recently been developed in our laboratory, as well as a computer guidance 
system to assure precise implant placement. These implants have not yet been assessed in 
comparison to the native radial head or an axisymmetric implant design. Although these 
designs replicate the radial head in appearance, it is essential to determine whether they 
will replicate the native radial head in joint contact mechanics and kinematics.  
1.7 Objectives and Hypotheses 
The specific objectives of this research were: 
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1. to compare the radiocapitellar contact patterns of three radial head implant 
designs: (1) axisymmetric, (2) population based quasi-anatomic, and (3) reverse 
engineered patient-specific devices to that of the native radial head, 
2. to compare radiocapitellar kinematics of three radial head implant designs: (1) 
axisymmetric, (2) population based quasi-anatomic and (3) reverse engineered 
patient-specific to that of the native radial head. 
The hypotheses were:  
1. anatomically shaped radial head implants will have a greater contact area than the 
axisymmetric radial head implants and demonstrate similar radiocapitellar contact 
patterns as the native radial heads. 
2. anatomically shaped radial head implants will have similar radiocapitellar 
kinematics as the native radial heads, while the axisymmetric radial head implants 
will differ.   
1.8 Thesis Overview 
Chapter 2 compares the radiocapitellar joint contact for the native radial head as well as 
all implant morphologies. The native radiocapitellar joint kinematics are compared to the 
three implants in Chapter 3. Chapter 4 contains a general discussion, conclusions and a 
summary of future work.  
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2 CHAPTER 2 - EFFECT OF IMPLANT SHAPE ON 
RADIOCAPITELLAR CONTACT AREA  
OVERVIEW: Axisymmetric radial head implants have been previously studied to assess 
contact mechanics in bench top studies; however both axisymmetric and anatomically 
shaped implants have not been evaluated in the intact elbow joint. This chapter compares 
the contact mechanics of an axisymmetric, a population based quasi-anatomic, and a 
reverse engineered patient-specific radial head implant to the native radiocapitellar 
joint. 
2.1 Introduction 
The radial head has a complex and variable shape (Popovic et al., 2005; Swieszkowski et 
al., 2001). It has been reported in numerous elbow morphology studies that the radial 
head is elliptical (King et al., 2001; Koslowsky et al., 2007; van Riet et al., 2003) 
however, most commercially available radial head designs are axisymmetric circular 
implants. Only one anatomical asymmetric design is currently available (Calfee et al., 
2006). In some systems, the implant stem is smooth and purposely placed loosely; it is 
thought that small amounts of stem movement in the radial neck will compensate for the 
non-anatomic shape (van Riet et al., 2006). Other axisymmetric implants have a bipolar 
articulation, containing a joint between the stem and the radial head to optimize joint 
contact, but have a potential risk of polyethylene wear and provide less contribution to 
radiocapitellar stability (Calfee et al., 2006; Chanlalit et al., 2011; Dotzis et al., 2006).   
Another group of axisymmetric implants aims for secure stem fixation; most commonly 
with uncemented ingrowth stems (Calfee et al., 2006). When anatomic asymmetrical 
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designs are used, it is essential that they are positioned and fixed in the correct location to 
ensure proper joint alignment and hence optimize radiocapitellar contact (Acumed, 
2011).  
The articulation of a metallic radial head on articular cartilage can be expected to alter 
joint contact patterns due to the stiffness of the implant (Liew et al., 2003; Sabo et al., 
2011). Changes in the implant alignment with respect to the capitellum due to incorrect 
positioning, or differences in the implant shape relative to the native radial head, may 
also contribute to changes in contact patterns and hence alter articular cartilage loading. 
Collectively these changes in stiffness, alignment and shape, like any hemiarthroplasty, 
have a potential to cause degenerative changes in the opposing cartilaginous surface 
(Liew et al., 2003; Sabo et al., 2011). The focus of the current study was to evaluate the 
effect of radial head implant shape on radiocapitellar contact by using computer assisted 
surgical techniques to ensure optimal implant positioning and a whole elbow model to 
mimic a clinically relevant loading environment. The objective of this study was to 
compare the radiocapitellar contact patterns of three radial head implant designs that 
included (1) axisymmetric, (2) population based quasi-anatomic, and (3) reverse 
engineered patient-specific devices. It was hypothesized that anatomically shaped radial 
head implants will have greater contact area than the axisymmetric radial head implants 
and demonstrate similar radiocapitellar contact patterns as the native radial heads. 
33 
 
2.2  Methods  
2.2.1 Design of Implants 
For the following two studies (Chapters 2 & 3) that were completed for this thesis, 
custom made radial head implants were used. These designs included an axisymmetric 
implant, a population based quasi-anatomic and a reverse engineered patient-specific 
implant.  
2.2.1.1 Generic Implant Stem 
The radial head implant system created for this study consisted of two components; a 
generic stem that could be used with all implants and the implant head (Figure 2.1). Eight 
divots located on the head of the stem allowed for navigation calibration (Figure 2.1A). 
The implant stem was made with notches along the length of the body to ensure fixation 
to the cement and contained a ball plunger to expand into a recess located on all heads 
(Figure 2.1B-C). A 6mm x 6mm square head was used to prevent rotation of the implant 
head. The distal portion of the stem was angled at 5° and made to be short in length to 
avoid impingement against the canal of the radial necks during navigated placement 
(Figure 2.1 B).  
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Figure 2.1 Customized Stem 
A. Front view of the stem  
B. Side view of the stem  
C. View of the stem inside the implant   
(Deluce, 2011)  
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2.2.1.2 Axisymmetric Implant Design 
The axisymmetric radial head implant was modeled after the Evolve Proline Radial Head 
System (Wright Medical Technology Inc., Arlington, TN, USA). Four sizes were 
fabricated (22mm, 24mm, 26mm and 28mm diameter) (Figure 2.2). Custom implants 
were used instead of the commercially available implant since the study was designed to 
allow all implants to fit on the same custom made stem (Figure 2.1) and were made of the 
same material.  
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Figure 2.2 Axisymmetric Implants  
This figure shows the set of axisymmetric implants that were fabricated (Deluce, 2011). 
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2.2.1.3 Population Based Quasi-Anatomic Design 
Computed tomography (CT) scans (GE Discovery CT570 HD, Waukesha, WI) were 
obtained from 34 (male) specimens.  A 512x512 reconstruction matrix was used for all 
specimens. Pixel size and slice thickness ranged from 0.26-0.98mm and 0.625-1.25mm 
respectively. Tube current and voltage ranged from 73-292mA and 120-140kVp. The 
images in these scans were segmented using image processing software (Mimics, 
Materialise, Leuven, Belgium) such that a surface model of the radius could be made.  
All the surface models were imported into a custom program using the Visualization 
Toolkit (VTK, open-source). The program was designed to use points around the rim of 
the radial head as well as points on the distal aspects of the radius to determine a 
coordinate system and then take measurements of the radial head (diameters, height, 
deepest dish point and elliptical profiles) as demonstrated in Figure 2.3.  
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Figure 2.3 Radial Head Measurements Used for Anatomic Implant Design  
A. Twenty rim points (red) are selected and points in the dish generated (white). 
B. The best-fit plane (blue) is determined and the deepest point found (white). 
C. Distal points (red) are selected by the user. 
D. Height is measured using a plane (red) parallel to the best-fit plane. 
E. Cross sections are generated at known height intervals. 
F. Anatomic radial head coordinate system is determined (X,Y,Z = Red, Green, 
Blue). 
G. An example cross section showing both outer (circumferential) and dish points. 
H. Ellipses (purple) are fit to each of the radial head cross sections and their centers 
determined (red). 
I. Major (red) and minor (blue) diameters are shown for the rim (green) and 
maximum outer (purple) cross sections. 
(Deluce, 2011)  
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The specimens were sorted into similar sizes based on the magnitude of the maximum 
major outer diameter. The resulting three implant sizes were QM (within one standard 
deviation of the mean), Q+ (greater than one standard deviation above the mean) and Q- 
(greater that one standard deviation below the mean).  
The shapes of the quasi-anatomic implants were determined by averaging the major and 
minor diameters using the ellipse fitting technique described above, as well as averaging 
the overall height and dish depth of the specimens within each group. Three-dimensional 
models were made based on these average measurements and the implants were 
fabricated (Figure 2.4).  
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Figure 2.4 Quasi-Anatomic Implants  
This figure shows the set of three quasi-anatomic implants (Q+, QM, Q-) that were 
manufactured (Deluce, 2011). 
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2.2.1.4 Reverse Engineered Patient-Specific Design 
CT scans (GE Discovery CT570 HD) of the eight specimens to be tested were obtained. 
A 512x512 reconstruction matrix was used for all specimens. Pixel size and slice 
thickness were 0.600 mm and 0.625mm respectively. Tube current and voltage was 
200mA and 120kVp. The scans were segmented and surface models of the radii were 
made (Mimics, Materialize, Leuven, Belgium). The same measurement process was 
performed on these specimens as the population of specimens used for the quasi-
anatomic implants. To create the patient-specific radial head implants, all measurement 
parameters (Figure 2.3) that were gathered were used to design the 3D CAD models of 
the implants to be fabricated.  
2.2.1.5 Implant Manufacturing 
The 3D CAD model designs using the custom measurements were made into implants 
using a fused deposition rapid prototyping machine with an accuracy of ±0.127mm 
(Stratys Fortus 400MC, Eden Prairie, MN, USA). All implants were formed out of ABS 
M30 plastic (Figure 2.5). Since the machine formed the implants in layers, residual rough 
edges between layers were evident. To create a smoother articular surface, the implants 
were lightly sanded and treated with a thin coat of acetone. This had no effect on the final 
shape of the implants. Also, to rule out an effect of material stiffness on contact area, the 
ABS M30 plastic axisymmetric implant was compared to a commercially available metal 
implant, but no differences were measured in contact area (Appendix B). 
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Figure 2.5 Examples of the Radial Head Implants 
A. Axisymmetric 
B. Population Based Quasi-Anatomic  
C. Reverse Engineered Patient-Specific  
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2.2.2 Specimen Preparation 
Eight fresh frozen cadaveric specimens (male, average age 75±8 years, right arm) were 
mounted in an elbow motion simulator for testing (Figure 2.6) (Johnson et al., 2000). The 
LCL was sectioned off of the lateral epicondyle to gain access to the radiocapitellar joint. 
The LCL was subsequently sutured with a braided No. 2 HiFi® ultra high molecular 
weight polyethylene suture (CONMED Linvatec, FL, USA). The ends of the suture were 
passed into a single hole placed at the isometric point on the lateral epicondyle, exiting 
through two transosseous tunnels more proximally, such that the original line of action of 
the ligament was restored (Fraser et al., 2008). The triceps and biceps were sutured with 
nylon braided cord and the pronator teres was sutured with No. 5 Ethibond® (Ethicon 
Inc, Johnson and Johnson, Sommerville, NJ, USA). These sutures were then attached to 
pneumatic actuators (Airpel, Airpot Corp., Norwalk, CT, USA) via a cable. A 20 N 
constant load was applied to the LCL actuator to simulate a clinical LCL repair. Static 
loads were applied, via the actuators, to the triceps, biceps and pronator teres to simulate 
full pronation, neutral rotation and full supination (Table 2.1). These loads were 
determined from a simulated active forearm rotation trial that was performed on the 
elbow motion simulator. The joint angle  and muscle load data were analyzed to 
determine the loads applied to the biceps and pronator teres to achieve full pronation, 
neutral and full supination positions. The triceps was loaded to achieve a flexion angle of 
90° and the forearm rested on a bar to ensure the flexion angle was maintained.   
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Figure 2.6 Elbow Motion Simulator 
This image shows the arm in neutral rotation at 90° of flexion in the elbow motion 
simulator. Static loads were applied to the three muscles, biceps (BIC), triceps (TRI) and 
pronator teres (PT), and also the LCL, using pneumatic actuators. 
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Table 2.1 Static Loads Applied during Casting 
Static load values were determined by examining the motion simulator muscle loading 
data for active forearm rotation and extracting the load values applied for these muscles 
in each of the three the postions tested. 
 
  
Rotation 
  
Pronation Neutral Supination 
M
u
sc
le
 
Triceps 50 N 50 N 50 N 
Biceps 15 N 35 N 40 N 
Pronator Teres 80 N 25 N 30 N 
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2.2.3 Computer Navigation 
As this study used anatomic designs of the radial head, it was essential that the implants 
were accurately positioned. This was done using navigation to achieve the most ideal 
position possible such that the radial head was restored to the best of our abilities.  
2.2.3.1 Registration of Intra-Operative Data to Pre-Operative Plan 
CT scans were performed of all the specimens tested and 3D surface models of the radii 
were generated (as described above). Using a custom VTK program, an ideal location for 
the implant stem was determined based on measurements of the native radius.  
Portions of the proximal, midshaft and distal radius were exposed and digitizations of the 
bony surfaces were made using 3D optical tracking (Optotrak Certus®, NDI, Waterloo, 
ON, Canada). Anatomical landmarks (radial styloid, dorsal lip of the DRUJ and the 
centre of the radial dish) were digitized as well. These landmarks were used to align the 
3D surface model on the computer with the location visualized by the motion tracking 
system. Now the target could be used to guide the implant stem into the in situ radius.  
2.2.3.2 Navigation and Implantation 
The radial head was marked for anterior and lateral directions using the tracked stylus 
and drill holes were made so that orientation could be determined after it was excised. 
The radial head was removed using an oscillating saw and the canal was reamed. 
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The 3D optical tracking markers were fixed to the radius and the navigation tool with the 
implant stem (Figure 2.7). A custom LabVIEW (National Instruments, Austin, Texas, 
USA) program was used to visualize the guidance of the implant stem into the radius. 
Feedback was given in real-time to allow minor corrections of the implant location. Once 
the target location was achieved, the stem was cemented into place using Surgical 
Simplex® bone cement (Stryker, Mahwah, NJ, USA).  
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Figure 2.7 Navigation Tool 
This tool was used to guide the custom stem into place. The tension screw held the stem 
rigidly in place and the LED markers allowed 3D motion tracking (Deluce, 2011). 
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2.2.4 Casting Joint Contact 
Joint contact was quantified using a previously reported casting technique (Lalone et al., 
2012; Liew et al., 2003; Stormont et al., 1985). After mixing, 2 ml of silicone impression 
material (Reprosil® Medium Body Vinyl Polysiloxine Impression Material, DENTSPLY 
International, Inc., York, PA, USA) was injected onto the radial head using a 10ml 
syringe. The radiocapitellar joint was reduced and the LCL actuator was loaded to 20N to 
simulate a clinical ligament repair. Static (muscle) loading was applied across the elbow 
to mimic normal muscle tone in pronation, neutral rotation and supination. The casting 
process was conducted with the native radial head and then repeated for all three implant 
designs in a randomized order (Figure 2.8). The cast was left to cure for 25 minutes prior 
to removal. Once the cast had set, the LCL tension was released to allow the 
radiocapitellar joint to be subluxated for cast removal. 
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Figure 2.8 The Contact Area Quantification Process 
This figure depicts the steps to cast the native radial head and the radial head implants. 
The steps taken to measure the contact area are also included.  
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2.2.5 Analysis of Casts 
The lateral side of the cast was marked prior to removing it from the radiocapitellar joint. 
The excised native radial head was cemented to the digitization block (Figure 2.9 A).  
LED markers were also attached so that the position of the contact patch would be 
known. The orientation markers on the native radial head were digitized and the entire 
radial head was traced. The cast was then placed onto the radial head in the correct 
orientation such that the lateral marks on the cast and the lateral hole on the radial head 
lined up. 
For the casts of the radial head implants, the implant was removed from the stem with the 
cast still in-situ and then placed on a stem that was fixed to the digitization block (Figure 
2.9 B). 
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Figure 2.9 The Digitization Technique Used to Trace the Contact Area. 
The stylus was used to trace the contact area and was tracked by the Optotrak Certus® 
system. 
A. The native radial head was cemented to the side of the block 
B. The radial head implants were placed onto a peg on top of the digitization block 
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2.2.5.1 Contact Area Quantification 
A technique previously described by Lalone et al. was used to determine the contact area 
(Lalone et al., 2012). Radiocapitellar contact area was quantified by digitizing the casts 
using an optically tracked stylus (Optotrak Certus®, NDI, Waterloo, ON, Canada) 
relative to the digitization block (Figure 2.9). The point cloud digitizations were then 
converted to three-dimensional surfaces (Figure 2.8, Figure 2.10) using a radial basis 
function (RBF) program in MATLAB (MathWorks, Massachusetts, USA). Custom VTK 
software was used to measure the contact area.  
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Figure 2.10 The Process of Quantifying the Contact Area 
A. Space where the silicone impression material was injected 
B. Cast removed from the joint after it has cured, the void space represents the 
contact area 
C. Technique and tools used to trace the cast 
D. Point cloud that is produced from the digitization 
E. Surface that is made from the point cloud 
F. Area is calculated 
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2.2.5.2 Contact Location Quantification 
To determine the location of the contact area on the radial head, the centroid of the 
contact area patch was calculated. The RBF surfaces that were previously calculated were 
converted back into points to achieve an evenly distributed point cloud (Figure 2.11 A-
C). Custom MATLAB (MathWorks, Massachusetts, USA) code was used to fit a plane to 
the points. These were given indices and projected onto the plane such that a 2D surface 
was created. The mean of the points was calculated to determine the point closest to the 
centre of the surface. The points were then projected back onto the original surface. The 
3D coordinates of the centre point (centroid) were determined (Figure 2.11 D).  
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Figure 2.11 The Process Used to Determine the Centre of the Contact Area 
A. Digitized contact area  
B. RBF surface  
C. Evenly distributed point cloud   
D. Centre point (red)  
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To measure the location of the contact area, the centre of the radial head was found. 
Twenty points were selected around the rim on the radial head (Figure 2.12 A). A circle 
was then fit to these points (Figure 2.12 B) and the centre and radius of the circle was 
calculated (Figure 2.12 C). The distance between the centre of the radial head and the 
contact centroid was compared to the distance from the centroid to the rim of the radial 
head. This was done to quantify whether the contact patch lay closer to the centre or the 
rim for the different radial head conditions. The values for distances were normalized 
against the radial head radius such that the centre was 0 and the rim was 1.  
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Figure 2.12 The Process Used to Find the Centre and Radius of the Radial Head 
A. Points being picked on the rim  
B. The circle fit  
C. Centre of radial head found (red dot) 
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2.2.6 Statistical Analyses 
A two-way repeated measure analysis of variance was performed with radial head 
condition (native radial head, axisymmetric, quasi-anatomic and patient-specific) and 
rotation angle (full pronation, neutral and full supination) as the two factors, to determine 
if there was a statistically significant difference in contact area and location (SPSS, IBM, 
Armonk, New York, USA).  
A post-hoc pairwise comparison (α=0.05) was used to determine potential differences in 
contact area and location between each implant and the native radial head (SPSS, IBM, 
Armonk, New York, USA). This same technique was used to compare the three implant 
morphologies to each other.  
A power analysis was also performed to determine whether or not this study had enough 
specimens to see statistical differences among the three implant morphologies.  
2.3 Results 
2.3.1 Contact Area 
There was a significant effect of radial head condition (p=0.005) (Figure 2.13). All of the 
implants had a lower contact area than the native radial head, however only the 
axisymmetric implant was significantly different (p=0.008). There was no significant 
difference in contact area for the three implant shapes (p>0.05) (Figure 2.14). There was 
no statistically significant difference in the contact area with the forearm in pronation, 
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neutral or supination (p=0.24).
 
Figure 2.13 The Contact Area for All Radial Head Conditions   
Mean contact area (± 1SD) is shown for the native radial head, axisymmetric, quasi-
anatomic and patient-specific radial head conditions at all three angles of rotation. The 
axisymmetric radial head implant had a lower contact area than the native radial head 
(p=0.008). “*”symbolizes significant difference. 
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Figure 2.14 The Change in Contact Area for Implants Compared to the Native 
Radial Head 
Mean contact area (± 1SD) is shown for axisymmetric, quasi-anatomic and patient-
specific radial head conditions at all three angles of rotation as a factor of percent 
change from the native RH. All the bars are displayed as negative because the intact area 
was always greater. There was no significant difference in contact area between the three 
radial head implant shapes (p>0.05). 
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2.3.2 Contact Location  
There was no significant difference in contact location for the native radial head, the 
axisymmetric, the quasi-anatomic or the patient-specific implants (p=0.22) (Figure 2.15). 
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Figure 2.15 The Distance from the Centre of the Radial Head to the Contact Area 
Centroid 
Mean distance (± 1SD) is shown for the native RH, axisymmetric, quasi-anatomic and 
patient-specific radial head conditions. The data was normalized against the radius of 
the radial head. There was no significant difference in contact location (p=0.22). 
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2.4 Discussion 
Previous investigations have shown that the articulating surface of the radial head is 
variably elliptical and is typically offset from the centre of the radial neck (King et al., 
2001; Popovic et al., 2005; Swieszkowski et al., 2001). Differences in radial head 
implant shape relative to the native articulation were expected to affect both the 
magnitude and location of contact within the radiocapitellar joint. Three radial head 
implant shapes; axisymmetric, population based quasi-anatomic and reverse engineered 
patient-specific were implanted and the radiocapitellar contact during rotation was 
quantified. The results from this study found no significant differences among the three 
implant morphologies for contact area or contact location. This suggests that the shape of 
the radial head implant may not be that important with respect to altering radiocapitellar 
joint contact mechanics.  
A previous study from our laboratory (Liew et al., 2003) reported significantly less 
contact with axisymmetric metal implants compared to the native radial head. The results 
from the current study agree with the findings of Liew et al., where the axisymmetric 
radial head displayed a significantly smaller contact area than the intact radial head 
(p<0.05). However, Liew et al. reported an average 60% decrease in contact area with the 
axisymmetric implant compared to an average 40% reduction in the study presented here.  
The setup used by Liew et al. was aligned by the experimenter, whereas our model 
allowed the muscles and ligaments to align the joint through applying clinically relevant 
muscle tones through actuators. Therefore, the contact area measured in the present study 
is more clinically relevant than contact area determined from previous benchtop studies.    
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In both studies, the implant materials used were much stiffer than the cartilage of the 
native radiocapitellar joint. It is possible that the stiffness of the implant and not the 
implant shape result in the general decrease in contact area. Future work is needed to 
optimize the materials of these implants with the aim of finding a material that behaves 
similarly to cartilage.   
Our results show that quasi-anatomic and patient-specific implants produce less contact 
area than the native state although they were not significantly different from each other, 
or the axisymmetric shape. This study used a sample size of 8 and although this number 
is generally adequate for in vitro biomechanical studies, we have found this insufficient 
to detect a statistical difference between contact locations for various implants (observed 
power=0.25). The native, quasi-anatomic and patient-specific radial head implants varied 
in dish position, as well as shape (from more circular to more elliptical in nature) which 
may contribute to the variability in our data and lack of a detection of a significant 
difference between groups. A power analysis was performed and determined that 
although there was sufficient power (0.90) for the contact area analysis with 8 specimens, 
15 specimens would be needed to achieve sufficient power for the contact location 
analysis.  
The radiocapitellar joint experiences concave/convex surface contact mechanics. This 
relationship between the capitellum and the radial head relies on proper joint alignment 
such that the concave dish of the radial head centres on the convex surface of the 
capitellum. There are a few options that exist to assure that the joint mechanics are 
restored. Bipolar radial heads contain a joint between the head and stem of the implant 
allowing some tilting of the dish (Dotzis et al., 2006). Some axisymmetric implants 
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employ a smooth stem that is purposely placed loose such that the head can move small 
amounts and essentially self-align with the capitellum (van Riet et al., 2006). Anatomic 
implants are equipped with markings to try to aid in the best possible alignment 
(Acumed, 2011). In this study, all the implants were fixed in place. Although this is 
essential for anatomically designed implants, and is commonly used for most 
axisymmetric implants, this process likely does not represent the behavior of 
axisymmetric implants which employ a loose stem or those that incorporate a bipolar 
articulation. By cementing the axisymmetric implants in place we removed their potential 
self-alignment property. The fact that there were no differences in the contact area or 
location between the three implants suggests that the concavity compression of the 
radiocapitelllar articulation together with the annular ligament (which was left intact in 
the current study) keeps the implants aligned, making implant shape less important. 
There are currently no other studies that compare contact area and contact location in the 
radiocapitellar joint for an axisymmetric, population based quasi-anatomic and reverse 
engineered patient-specific radial head implants. The designs used for the quasi-anatomic 
and patient-specific implant were novel and are, therefore, not yet commercially 
available.  
In conclusion, there was no significant difference in radiocapitellar contact and location 
among axisymmetric, quasi-anatomic and patient-specific implants. This suggests that, to 
increase joint contact and hence reduce cartilage loading, the focus should be on 
optimally aligning these implants and investigating advanced materials to decrease their 
stiffness. Further studies are needed to evaluate the importance of implant positioning 
which was not addressed in the current investigation. Clinical studies are also required to 
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determine whether these contact patterns will influence the outcomes of radial head 
arthroplasty in patients.  
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3 CHAPTER 3 - THE EFFECT OF IMPLANT SHAPE 
ON RADIOCAPITELLAR KINEMATICS DURING 
FOREARM ROTATION 
OVERVIEW: The effect of radial head implant shape on the kinematics of the 
radiocapitellar joint has not been reported. This chapter compares forearm rotation 
kinematics of the native radiocapitellar joint to axisymmetric, population based quasi-
anatomic and reverse engineered patient-specific radial head implants.  
3.1 Introduction 
Approximately 33% of elbow fractures involve the radial head (Mason, 1954; Morrey, 
2008). This structure is an important stabilizer of the elbow, especially in the case of 
associated ligamentous injuries (Morrey, 2008). In the setting of comminuted radial head 
fractures associated with ligament injuries or fractures, it is essential that the radial head 
is replaced with an implant to maintain joint stability (Beingessner et al., 2004).  
A number of commercially available radial head implants have been developed and are in 
common clinical use for the management of acute radial head fractures and late 
reconstruction for non-unions and malunions. Currently, the majority of these implants 
are axisymmetric in shape (Calfee et al., 2006). However it has been reported that the 
radial head is typically elliptical and the articulating dish is located eccentrically with 
respect to the neck (King et al., 2001; Koslowsky et al., 2007; van Riet et al., 2003).  
This complex shape of the native radial head poses a question of whether an 
axisymmetric implant can adequately replicate the normal radiocapitellar joint kinematics 
that occurs during forearm rotation. During this motion, the dish of the radial head rotates 
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about the capitellum and the margin of the radial head rotates within the radial notch of 
the ulna. If the native radial head is elliptical and the dish is eccentric, it is possible that 
an axisymmetric implant may exhibit abnormal kinematics which may cause pain, stem 
loosening and lead to clinical failure. 
Proper tracking within the joint is essential to maintain the health of the articular 
cartilage. If there is abnormal contact between the radius and capitellum during elbow 
movement, this could lead to increased stress on parts of the articulation leading to 
premature cartilage wear (van Riet et al., 2004) and an early onset of osteoarthritis. This 
decreases the longevity of a joint and may lead to the need for removal of the radial head 
implant or revision to a unicompartmental radiocapitellar arthroplasty (Heijink et al., 
2008; Sabo et al., 2012).  
Similar to the variables in Chapter 2, the objective of this study was to compare the 
radiocapitellar kinematics of three radial head implant designs to the native articulation: 
(1) axisymmetric, (2) population based quasi-anatomic and (3) reverse engineered 
patient-specific. It was hypothesized that anatomically shaped radial head implants would 
have similar radiocapitellar kinematics as the native radial heads, while the axisymmetric 
radial head implants would differ.   
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3.2 Methods  
3.2.1 Specimen Preparation 
Eight fresh frozen cadaveric upper extremities (male, age 75±8 years) were thawed 
overnight at room temperature prior to the experiment. The specimens were prepared by 
suturing both the biceps and triceps tendons using nylon braided string and the pronator 
teres with No. 5 Ethibond® polyester braided suture (Ethicon Inc, Johnson and Johnson, 
Sommerville, NJ, USA).  These sutures were attached to servomotors to achieve active 
forearm rotation as described below. The wrist was fixed in neutral by passing a pin 
through the long finger metacarpal into the distal radius. The surgical incisions were 
closed using a No. 2 Vicryl® suture (Ethicon Inc., Johnson and Johnson, Sommerville, 
NJ, USA). The specimens were kept at room temperature and were hydrated with normal 
saline throughout testing.  
3.2.2 Testing Apparatus 
As in Chapter 2, the arm was mounted into a custom upper extremity motion simulator 
that was previously developed in our laboratory (Johnson et al., 2000) (Figure 3.1). The 
biceps, triceps and pronator teres sutures were attached to servomotors to allow for 
computer controlled movement. The triceps was activated to maintain 90 degrees of 
flexion and the biceps and pronator teres were activated to achieve active forearm 
supination and pronation, respectively.  
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Figure 3.1 The Elbow Motion Simulator  
This simulator was used to achieve active forearm rotation by using servomotors 
attached to the triceps (TRI), biceps (BIC) and pronator teres (PT). A bar was placed 
under the arm to maintain a flexion angle of 90°. 
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3.2.3 Testing Protocol 
Active and passive forearm supination and pronation was performed with the joint intact. 
After the intact testing was complete, the LCL was sectioned from the lateral epicondyle 
to provide access to the radial head and subsequently repaired using a braided No. 2 
HiFi® ultra high weight polyethylene suture (CONMED Linvatec, FL, USA). The suture 
ends were passed into a hole placed at the isometric point on the lateral epicondyle and 
out through two tunnels located proximal to the site of entry. This allowed the ligament to 
be repaired such that the original line of action was restored (Fraser et al., 2008). The 
annular ligament was kept intact. A pneumatic actuator was used to apply a load of 20N 
to the LCL prior to clamping the ligament cable during testing. Active and passive 
forearm supination from the pronated position was performed after the ligament repair. 
Since repeated access to the radiocapitellar joint was required, this LCL repair model was 
compared to the intact state such that it could be used as a control. 
Three radial head implants were tested: (1) an axisymmetric, (2) a population based 
quasi-anatomic and (3) a reverse engineered patient-specific implant (for implant design 
and implantation information see Chapter 2, Sections 2.2.1 and 2.2.3). The stem was 
cemented into the canal of the radius such that both of the anatomically shaped radial 
heads would be in an optimal location. The implants were tested in a random order for 
each specimen. Active and passive forearm supination and pronation was performed for 
each radial head implant (Figure 3.2). 
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Figure 3.2 Testing Protocol 
This flow chart depicts the phases of the testing protocol.  
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3.2.4 Kinematics Measurements  
To track the motion of the forearm, optical tracker mounts were fixed to the radius and 
ulna directly on the bone surface using custom made mounts and cortical bone screws. 
LED markers (NDI, Waterloo, ON, Canada) were attached to the ulnar mount and one 
was also attached to the simulator to represent the humerus. A ring containing six smart 
markers that were calibrated to perform as one rigid body was attached to the radius 
(Figure 3.3). This was done to maintain visualization of the radius by the tracking system 
throughout forearm rotation.  
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Figure 3.3 Ring Tracker Mount 
LED triads were arranged around a section of PVC pipe and calibrated to perform as 
one circular LED tracker. This tracker was attached to the radius (midshaft) with 
cortical bone screws, such that the tracker surrounded the arm. 
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Motions were recorded using a 3D optical tracking camera (Optotrak Certus®, NDI, 
Waterloo, ON, Canada). The data were analyzed using custom LabVIEW software to 
determine the kinematics of the radius with respect to the humerus.  
The humeral and radial coordinate systems were defined using a series of anatomical 
digitizations (Ferreira et al., 2010). To produce the humeral coordinate system, the 
capitellum surface and the trochlear sulcus were traced and a point was digitized in the 
centre of the humeral shaft at the mid-diaphysis. The capitellum was sphere fit and the 
trochlear sulcus was circle fit and their centres were calculated. A vector was made 
between these two centre points in the medial direction (the Zhum+ axis). The bisector of 
these two centre points was found and a vector was made from this bisector to the shaft 
point (long axis). The Yhum+ axis was the cross product of the Zhum+ axis and the long 
axis. The Xhum+ axis was the cross product of the Yhum+ axis and the Zhum+ axis. The 
origin of the humeral coordinate system was centre of the capitellum such that radial head 
translation about the capitellum during rotation could be measured (Figure 3.4 A).  To 
produce the radial coordinate system, ten points around the rim of the radial head were 
digitized as well as the radial styloid, the dorsal and volar aspects of the lesser sigmoid 
notch of the distal radius. The ten rim points were circle fit and the centre was found. The 
bisector of the dorsal and volar aspects of the lesser sigmoid notch was found and a 
vector was made from this bisector to the radial styloid point (medial vector). The 
bisector of this vector was found and a vector from this bisector to the centre of the radial 
head was made (the Xrad+ axis). The Yrad+ axis was the cross product of the Xrad+ axis 
and the medial vector. The Zrad+ axis was the cross product of the Xrad+ axis and the 
Yrad+ axis.  The origin of the radial coordinate system was located at the centre of the 
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radial head (Figure 3.4 B). The outcome variables examined were medial-lateral (ML) 
translation and anterior-posterior (AP) translation of the centre of the radial head with 
respect to the centre of the capitellum (Figure 3.4 C-D).   
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Figure 3.4 Translations of the Radial Head 
Anterior-posterior (AP) and medial-lateral (ML) translations of the radial head with 
respect to the centre of the capitellum were examined.  
A. Anterior view of the humerus showing the humeral coordinate system with the 
centre of the capitellum as the origin. 
B. Proximal view of the radial head showing the radial coordinate system with the 
centre of the radial head as the origin. 
C. Direction of ML translation of the radial head relative to the capitellum. 
D. Direction of AP translation of the radial head relative to the capitellum. 
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3.2.5 Statistical Analyses 
A two-way repeated measures analysis of variance was performed with radial head 
condition (intact state and native radial head with lcl repair) and forearm rotation angle (-
40°, -30°, -20°, -10°, 0°, 10°, 20°, 30°, 40°, 50°)  as the two factors, to determine if there 
were differences between ML or AP translations of the radial head for the intact state and 
the LCL repair (SPSS, IBM, Armonk, New York, USA). This was done to determine 
whether or not the LCL repair condition could truly be used as a control.  
A two-way repeated measures analysis of variance was also performed with radial head 
condition (native radial head, axisymmetric, quasi-anatomic and patient-specific) and 
rotation angle (-40°, -30°, -20°, -10°, 0°, 10°, 20°, 30°, 40°, 50°) as the two factors, to 
determine if there were differences in ML or AP translations  between the native radial 
head and the three implant shapes during forearm rotation (SPSS, IBM, Armonk, New 
York, USA). 
A post-hoc pairwise comparison (α=0.05) was used to determine potential differences 
between each implant and the native radial head (SPSS, IBM, Armonk, New York, 
USA). This same technique was used to compare the three implant morphologies to each 
other.  
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3.3 Results 
3.3.1 Validation of LCL Repair as a Control  
There was no significant difference (p>0.05) for either active or passive motion when 
comparing medial-lateral translations or anterior-posterior translations for the intact 
elbows with the native radial head and following LCL sectioning and repair (Appendix 
D). For all cases, the two conditions were within 1 mm translation of each other. Thus, 
the LCL sectioned and repaired condition with the native radial head was used as the 
control for comparison to the radial head implants. 
3.3.2 Comparison of Radial Head Conditions 
3.3.2.1 Medial-Lateral Translations 
No significant differences in medial-lateral translations were found for radial head 
morphology in passive or active motion (p=0.58, p=0.61 respectively) (Figure 3.5 and 
Figure 3.6). Also, no significant differences in medial-lateral translations were found 
among rotation angles for passive or active motions (p=0.53, p=0.33 respectively).  
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Figure 3.5 Medial-Lateral Translation during Passive Forearm Rotation 
The mean radial head translations in the ML direction, where 0 translation represents 
the origin of the radius (centre of radial head) located at the centre of the capitellum. 
There were no significant differences between radial head conditions (p=0.58). Appendix 
E shows the mean and standard deviations for all trials. Standard deviations ranged from 
1.01-2.99 mm. 
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Figure 3.6 Medial-Lateral Translation during Active Forearm Rotation 
This graph displays the mean data for active radial head translations in the ML 
direction. There were no significant differences between radial head conditions (p=0.61). 
Appendix E shows the mean and standard deviations for all trials. Standard deviations 
ranged from 0.68-3.17mm. 
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3.3.2.2  Anterior-Posterior Translations 
There was no significant effect of radial head morphology for passive motion (p=0.72) 
(Figure 3.7); however, there was a significant effect of radial head morphology for active 
motion (p=0.001) (Figure 3.8). A pairwise comparison for radial head implant shape 
showed that there was no significant difference in radiocapitellar kinematics between the 
axisymmetric, the quasi-anatomic and the custom radial head implant shapes (p>0.05). 
There were significant differences between the native radial head and the axisymmetric 
implant (p=0.014) and between the native radial head and quasi-anatomic implant 
(p=0.019) for active rotation. There was no significant difference between the native 
radial head and the patient-specific implant for active rotation (p>0.05).  There was no 
significant difference in anterior-posterior translations among rotation angles for passive 
or active motions (p=0.26, p=0.56 respectively). 
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Figure 3.7 Anterior-Posterior Translation during Passive Forearm Rotation 
This graph displays the mean data for passive radial head translations in the AP 
direction. There were no significant differences between radial head conditions (p=0.72). 
Appendix E shows the mean and standard deviations for all trials. Standard deviations 
ranged from 1.44-3.54mm. 
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Figure 3.8 Anterior-Posterior Translation during Active Forearm Rotation  
This graph displays the mean data for active radial head translations in the AP direction. 
There was a significant difference between the axisymmetric and quasi-anatomic implant 
verses the native radial head (p=0.014 and p=0.019 respectively). There was no 
significant difference between the patient-specific implants and the native radial head 
nor between the three different implant shapes (p>0.05). Appendix E shows the mean and 
standard deviations for all trials. Standard deviations ranged from 1.84-3.00mm. 
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3.4 Discussion 
The radial head has a complex elliptical shape. The articular dish is typically offset from 
the centre of the head, and the head is offset from the centre of the neck (King et al., 
2001; Koslowsky et al., 2007; van Riet et al., 2003).  Hence, changes in kinematics after 
radial head arthroplasty are expected unless the implant is perfectly positioned during 
surgery, and the implant shape and size replicates the native anatomy. To study the 
importance of these caveats, this study used computer navigated radial head arthroplasty 
(as described in Chapter 2) as well as testing a reverse engineered patient-specific radial 
head implant. 
The native radial head with an LCL repair was used as the control in this experiment such 
that repeated access to the radiocapitellar joint could be achieved. The LCL resection and 
repair technique described by Fraser et al. (Fraser et al., 2008) was successfully repeated 
in this study. By removing the LCL from the lateral epicondyle, the radial head could be 
accessed easily and the annular ligament, an important radial head stabilizer, was kept 
intact. By using strong braided sutures and tensioning the repair to 20N, the control 
replicated the radiocapitellar kinematics of the intact elbow during forearm rotation.  
The kinematic pathways of the radial head with respect to the capitellum observed in the 
current study are similar to those reported by Galik et al. (Galik et al., 2007). They found 
that the radial head translates an average of 2.1mm in the AP direction and 1.6mm in the 
ML direction. Our data for mean AP and ML translations for all radial head conditions 
are within these ranges. In our study we kept the annular ligament intact. This important 
elbow stabilizer as well as the concavity compression of the curved articular dish of the 
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radial head with respect to the spherical capitellum likely helped to control the motions of 
the native radial head and the various implants tested.  
The effects of three radial head implant shapes (i.e. the axisymmetric, population based 
quasi-anatomic and reverse engineered patient-specific) on radiocapitellar kinematics 
during rotation were examined. Significant differences in kinematics were evident in 
anterior-posterior translations between the axisymmetric and the native control as well as 
between the quasi-anatomic and the native control. No significant differences were 
observed between the patient-specific implant and the native control. Therefore, with 
respect to forearm kinematics, the patient-specific implant performed most similarly to 
the native state. However, no significant differences were measured between the three 
radial head morphologies. Therefore, while the patient-specific implants performed the 
best of the three implants studied, the kinematics of the implants were similar. It is not 
known whether the small kinematic differences between implants are clinically 
important.  
The change in kinematics following radial head arthroplasty are most likely related to the 
small errors (<2mm translation and <11° rotation) in placement of the stem in spite of 
image-based computer navigation (Deluce, 2011). The errors seen in rotation would be 
expected to have a greater effect on the two anatomical implants than the axisymmetric 
implant. This is because the anatomic implants have off-centered dishes which would be 
expected to rely on precise placement to perform similarly to the native kinematics. It is 
likely that up to 11° of malrotation may have altered the position of the dish of both the 
quasi-anatomic and patient-specific implant. This error in rotational orientation would not 
have had much of an effect on the axisymmetric implant since the dish is located 
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centrally on this implant.  The observation that the kinematics of the more anatomic 
implants were similar to the axisymmetric implants, in spite of rotational malpositioning, 
suggests other factors such as translational malpositioning or annular ligament and 
interosseous membrane tension may have a greater influence on radiocapitellar 
kinematics than implant shape. Further studies are needed to better understand the 
articular contact at the radiocapitellar joint and to further elucidate the influence of errors 
in implant translation.  
In this study, the implant stem was cemented into the canal of the radius. This was done 
to ensure both the quasi-anatomic and patient-specific radial head implants were located 
in an optimal position. Since, we used a custom stem to fit all implants; the axisymmetric 
implant was fixed in place as well. Although a fixed position is necessary for 
anatomically shaped implants, some commercially available axisymmetric implants are 
designed to have a loose fitting stem or a bipolar head, such that the implant has some 
ability to self-align the dish against the capitellum (Calfee et al., 2006). During forearm 
motion the radial heads of these implants may move slightly with respect to the proximal 
radius such that they stay in optimal contact with the capitellum. Future studies should 
compare the radiocapitellar kinematics and contact mechanics of anatomically shaped 
radial head implants to that of a loose fitting stem or bipolar radial head implants. 
In this study both simulated active and passive forearm supination were performed. 
During active supination, the radial head was located much more anteriorly 
(approximately 3-7mm) than during passive rotation. This is likely due to the fact that 
during supination, the biceps (which inserts on the radius) was loaded and therefore, 
pulled up on the radius, causing it to translate more anteriorly. This difference was not 
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observed in ML translation data since there were no muscle groups that caused the radial 
head to moved side to side and the annular ligament and proximal radioulnar joint 
(PRUJ) were kept intact; therefore, maintaining stability in both the medial and lateral 
directions.  It was also observed, that the standard deviations for passive forearm rotation 
were generally higher than the standard deviations for active rotation, specifically for the 
AP translation data. This is likely due to the fact that the active forearm rotation was 
conducted with computer controlled tendon loading, simulating muscle activity which 
helped to stabilize the joint, whereas passive rotation relies on the experimenter to 
manually move the arm while no muscles are loaded. The lower repeatability of passive 
motions has been previously reported with this testing system and is expected given that 
variable external forces and moments are applied to the forearm by the tester (Dunning et 
al., 2001).  
In summary, implant shape had little effect on radiocapitellar kinematics with near 
optimally positioned implants as employed in this investigation. Further studies are 
needed to explore the clinical significance of implant shape in the setting of suboptimally 
positioned implants which frequently occurs in clinical practice when proximal radial 
landmarks are damaged as is typically the case with radial head fractures and when 
navigation is not employed. 
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4 CHAPTER 4 - GENERAL DISCUSSION AND 
FUTURE WORK  
OVERVIEW: This chapter reviews the initial objectives and hypotheses presented in 
Chapter 1, and the work subsequently conducted. The strengths and limitations of the 
studies are presented and discussed. Also, the future directions of this research are 
considered. 
4.1 Summary 
A number of studies have examined the morphology of the radial head. Recent studies 
have concluded that the radial head is in fact elliptical in shape, not circular. The majority 
of currently available radial head implants are axisymmetric in design. There is only one 
commercially available anatomically shaped implant and it uses special marks to guide 
alignment during implantation. Due to the elliptical shape and eccentric dish of the radial 
head, it is essential that anatomically shaped implants are oriented correctly during 
surgery to optimize implant alignment and hence restore normal joint kinematics, 
articular contact and load transfer. Previous to the studies of this thesis, two anatomically 
shaped implants were designed in our laboratory (Deluce, 2011). One of these implants 
was a reverse engineered patient-specific implant and the other was a set of three 
population based quasi-anatomic implants. Although these implants have been analyzed 
to assure they more closely match the anatomy of the native radial head than the 
axisymmetric radial head implants, the contact mechanics and resulting kinematics with 
these novel implants have not yet been assessed.  
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In Chapter 2, the joint contact mechanics of the anatomically shaped implants were 
assessed in relation to an axisymmetric radial head implant as well as the native radial 
head (Objectives 1, Chapter 2).  The findings of the study showed that there was a 
significant effect of radial head morphology on contact area, but not for the location of 
the contact. Although all of the implant morphologies resulted in a lower contact area 
than the native radial head, only the axisymmetric implant was significantly different 
from the native state. Therefore, while it was shown than an anatomically shaped implant 
can improve the contact mechanics of the radiocapitellar joint compared to an 
axisymmetric implant, the differences between the implants were small relative to the 
large differences in contact between the implants and the native articulation.  
Although we know from theory that the anatomically shaped implants more closely 
replicate the shape of the native radial head than axisymmetric implants, it is important to 
determine how these implants compare during active motion of the elbow.  Forearm 
rotation kinematics were analyzed in Chapter 3 to determine whether or not the 
anatomically shaped implants would perform more similarly to the intact joint than the 
axisymmetric implants (Objective 2, Chapter 3). The findings of this study showed that 
the only significant kinematic differences between implant shapes were in AP translation 
of the radial head with respect to the capitellum.  While there was no significant 
difference between implant morphologies; there were significant differences between the 
axisymmetric and native radial head as well as the quasi-anatomic and native radial head. 
However, there was no difference in kinematics between the patient-specific implant and 
the native radial head. These data suggest that the patient-specific implants most 
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accurately replicated the kinematics of the native articulation. However the differences 
between the implant designs were small and may not be clinically important.  
This work has shown that an anatomically shaped radial head implant can improve the 
mechanics of the radiocapitellar joint as long as rigid fixation and proper alignment are 
achieved. This has proved problematic in clinical experience with such implants to date 
(Flinkkila et al., 2012). It is important that further work is done to validate these designs 
and to improve upon design and implantation techniques. Future efforts to reduce the 
stiffness of radial head implants may have a bigger impact than altering the shape which 
was the focus of the current thesis. 
4.2 Limitations and Strengths 
This study was not without limitations. First, all experiments were in vitro biomechanical 
models that used cadaveric specimens. Although we were able to generate active motion 
(using an elbow simulator) to analyze kinematics, there may still be some differences 
between the in vitro and in vivo states, including applied joint loads, soft tissue 
interactions and hydration of cartilage. Another limitation of this research was that we 
were only able to analyze the contact mechanics statically due to the casting process 
used. Contact analysis with motion was not possible with this experimental set-up.  
This project used novel implant designs that were previously developed in our laboratory. 
These designs were not without their own limitations. For instance, the models and 
measurements were made from CT images that did not include cartilage. Also, there were 
reliability issues in the measurement process, specifically radial head height, which may 
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have affected the final shape of the quasi-anatomic implants (Deluce, 2011). Another 
limitation with the implants was the computer navigation set-up. The digitizations 
required for the best possible registration meant that more access to the radius was 
required than a surgeon would typically have in the operating room. Also the navigation 
tool used to place the stem was bulky and had to be held still by the experimenter while 
the cement set, which proved to be challenging.  
These studies had strengths. This research was the first to quantify the contact mechanics 
and kinematics of a patient-specific radial head implant. Other studies have looked at 
anatomically shaped implants or the concept of reverse engineered implants, but no one 
has tested a patient-specific radial head.  
Also, this is one of few studies to cast the radiocapitellar joint in situ, leaving all the soft 
tissues intact or repaired in a clinical manner. This provided more clinically relevant data, 
as the joint was allowed to self-align when loaded as opposed to being aligned by the 
experimenter. The contact mechanics of the entire joint (bone, muscle and ligament) 
could be examined, instead of just the bony anatomy.  
This is also the first study to use an active motion simulator and a 3D optical tracking 
camera to assess the kinematics of forearm rotation with anatomically shaped implants. 
Therefore, this data is more accurate than past studies that have used weights to move the 
arm or electromagnetic tracking systems to quantify kinematics (which has greater error). 
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4.3 Future Directions 
One future study of great interest would be to quantify radiocapitellar joint congruency 
using non-invasive imaging techniques which have recently been developed in our 
laboratory (Lalone et al., 2012). This novel technique provides information on the 
relative alignment of two articular surfaces as a surrogate of joint contact and could be 
compared with the findings from the current casting study. This potential work would 
help confirm the contact area and location results reported in Chapter 2. Furthermore 
joint congruency can be evaluated dynamically throughout motion unlike the current 
studies which were performed at only three positions of forearm rotation with the elbow 
at 90 degrees of flexion.  
An additional study would be to pair the contact and kinematics data together to better 
understand as much as possible about what is happening at the radiocapitellar joint after 
radial head arthroplasty.  It would be valuable to compare real-time contact data to 
contact data for static positions. Pressure sensors allow for real-time analysis of the 
contact mechanics of the joint; however they do come with limitations, such as wrinkling. 
Finite element contact analysis could be also used to validate experimental data and 
develop improvements in implant design.  
Further work must also be done to improve the techniques used for computer navigation. 
These techniques need to be less invasive as well as more repeatable. Perhaps the use of 
robotic assistance or a jig to hold the navigation tool during implantation of the stem 
would help in future studies using these implants such that the final location of the stem 
does not rely on the experimenter.  
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As stated in section 4.2 on limitations, the implants were made from radius models that 
did not include cartilage. It would be valuable to produce implants from models that 
include the dimensions of the cartilage and compare these implants to the original 
implants. The size of the implant would change and this may affect both the contact 
mechanics and kinematics in the radiocapitellar joint. It would also be interesting to 
investigate less stiff implant materials, as the contact area may well increase and hence 
possibly lead to less wear on the native cartilage of the capitellum.  A study should be 
performed to determine the appropriate material stiffness of an implant such that contact 
area approximates the native state, while maintaining strength to undertake the 
mechanical demands within the joint.  
4.4 Significance  
This study is the first to quantify the contact mechanics and kinematics of a patient-
specific radial head implant. Also, this study is the first to examine anatomically shaped 
radial head implants (both quasi-anatomic and patient-specific) using an active motion 
elbow simulator and 3D optical tracking. The results of this study will help direct future 
efforts in the optimization of radial head implants. Great strides have already been made 
in determining that the radial head should be replaced as it is an important elbow 
stabilizer.  The current studies demonstrate that while an implant that provides a more 
anatomic shape slightly improves radiocapitellar contact and kinematics, future efforts 
are needed to optimize the materials employed in these devices.  
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A APPENDIX A - GLOSSARY OF TERMS 
Anatomic - Relating to the structure of the body 
Anterior - Towards the front of the body 
Annular Ligament - A ligament which encircles the head of the radius 
ensuring contact between the radius and PRUJ 
Arthroplasty - Surgical reconstruction or replacement of a joint 
Articular - Relating to a joint 
Axisymmetric - Having symmetry around an axis 
Capitellum - Smooth rounded surface on the lateral distal humerus 
which articulates with the radial dish 
Cartilage - Smooth, firm connective tissue found on articulating 
surfaces of joints 
Comminuted - To break into several small fragments 
Contact Area - Surface area in contact between two bones 
Coronoid - Triangular anterior projection on the proximal ulna 
which articulates with the radius 
CT - Computed tomography, method of x-ray imaging 
which produces cross section images of the body 
Digitization - Acquiring three-dimension location of points relative 
to an object 
Distal - Away from the center of the body 
102 
 
DRUJ - Distal radioulnar joint, pivot-joint between the distal 
radius and ulna 
Excision - Surgical removal 
External Rotation - Rotation away from the body. 
Fossa - Shallow depression 
Humerus - Bone of the upper arm forming the shoulder and 
elbow 
ICP - Iterative closest point, an algorithm used for surface 
registration 
Internal Rotation - Rotation towards the body 
Intramedullary Canal - Marrow cavity of a bone 
Landmark - Reliably identified feature 
Lateral - Away from the middle of the body 
Laxity - Looseness 
LCL - Lateral collateral ligament; ligament composed of the 
LUCL and the RCL 
LED - Light emitting diode 
Lesser Sigmoid Notch - Depression on the lateral side of the coronoid which 
articulate with the radial head 
Ligament - Fibrous connective tissue between two bones 
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LUCL - Lateral ulnar collateral ligament; extends from lateral 
epicondyle to the coronoid and serves as an important 
posterolateral rotational stabilizer 
Medial - Towards the middle of the body 
Modular - Constructed with standardized units allowing 
flexbility in assembly 
MCL - Medial collateral ligament; extends from medial 
epicondyle of humerus to the coronoid providing 
primary valgus restraint 
Morphology - Study of size, shape and structure 
ORIF - Open reduction and internal fixation; method for 
surgically repairing fracure bone using plates and/or 
screws 
Osseous - Relating to bone 
Posterior - Towards the back of the body 
Post-Operative - After surgery 
Pre-Operative Planning - Using medical imaging to determine surgical targets 
before operating 
Pronation - Rotation towards the midline 
Prosthesis - Artificial device extension replacing a missing body 
part 
Proximal - Towards the center of the body 
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PRUJ - Proximal radioulnar joint, articulation between the 
lesser sigmoid notch of the ulna and the 
circumference of the radial head 
Radial Dish - Concavity on the proximal end of the radial head 
which articulates with the capitellum 
Radial Head - Complex anatomic structure forming the proximal 
end of the radial which articulates with both the 
humerus and ulna 
Radial Neck - Narrow region of proxmal radius distal to the radial 
head 
Radius - The lateral bone of the forearm articulating with the 
ulna, humerus and carpal bones 
RCL - Radial collateral ligament; originates on the lateral 
epicondyle and inserts into the annular ligament 
serving as a primary varus stabilizer of the elbow 
Registration - The process by which one dataset is aligned with 
another based on shared features 
Reverse Engineer - Create a 3D CAD model of an existing part or in this 
study, bone. Involves measuring the object to 
construct the 3D model. 
Rigid-Body - Solid body in which deformation is neglected 
Segmentation - Process by which a 3D data set is transcribed from 
2D slice information 
Soft-Tissue - Tissues that connect, support or surround other 
structures, not including bone 
Stylus - Penlike device used to obtain digitizations with 
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respect to a tracking system 
Subluxate - To partially dislocate a joint 
Supination - Rotation away from the midline 
Trochoginglymoid - Type of joint composed of hinge (ginglymus) and 
pivot joints (trochoid) 
Ulna - The medial bone of the forearm articulating with the 
radius, humerus, and carpal bones 
Valgus - Displacement of the distal aspect of the bone away 
from the midline of the body 
Varus - Displacement of the distal aspect of the bone towards 
the midline of the body 
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B APPENDIX B - CONTACT AREA OF METAL 
AXISYMMETRIC IMPLANTS VS. PLASTIC 
AXISYMMETRIC IMPLANTS  
Table B.1 Comparison of Contact Area of Plastic Implants to Metal Implants  
Three casts were made using a cadaveric humerus with one plastic axisymmetric implant 
and one metal axisymmetric implantof the same size. A t-test was performed to compare 
the two implants. The plastic and metal implants showed no significant differences in 
contact area (p=0.92). 
 
 
 
 
Metal Contact Area (mm
2
) Plastic Contact Area (mm
2
) 
Trial #1 50.99 52.94 
Trial #2 53.82 44.32 
Trial #3 49.66 55.98 
mean 51.49 51.08 
   
p value 0.92 
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C APPENDIX C - SUMMARY OF RADIOCAPITELLAR 
CONTACT IMAGES  
Note: Only 7 of 8 specimens are displayed in this appendix. Due to registration issues 
with the image set for specimen 11-03052R, the images could not be displayed in this 
fashion.  
 
 
Figure C.1 Specimen 09-12057R  
This image displays the casts, point cloud digitizations and the resulting surfaces for 
radiocapitellar contact area for the native radial head (grey), axisymmetric implant 
(blue), population based quasi-anatomic implant (orange) and the reverse engineered 
patient-specific implant (purple). 
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Figure C.2 Specimen 10-01020R 
This image displays the casts, point cloud digitizations and the resulting surfaces for 
radiocapitellar contact area for the native radial head (grey), axisymmetric implant 
(blue), population based quasi-anatomic implant (orange) and the reverse engineered 
patient-specific implant (purple). 
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Figure C.3 Specimen 10-06020R 
This image displays the casts, point cloud digitizations and the resulting surfaces for 
radiocapitellar contact area for the native radial head (grey), axisymmetric implant 
(blue), population based quasi-anatomic implant (orange) and the reverse engineered 
patient-specific implant (purple). 
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Figure C.4 Specimen 10-07020R  
This image displays the casts, point cloud digitizations and the resulting surfaces for 
radiocapitellar contact area for the native radial head (grey), axisymmetric implant 
(blue), population based quasi-anatomic implant (orange) and the reverse engineered 
patient-specific implant (purple). 
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Figure C.5 Specimen 10-08002R  
This image displays the casts, point cloud digitizations and the resulting surfaces for 
radiocapitellar contact area for the native radial head (grey), axisymmetric implant 
(blue), population based quasi-anatomic implant (orange) and the reverse engineered 
patient-specific implant (purple). 
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Figure C.6 Specimen 11-03022R 
This image displays the casts, point cloud digitizations and the resulting surfaces for 
radiocapitellar contact area for the native radial head (grey), axisymmetric implant 
(blue), population based quasi-anatomic implant (orange) and the reverse engineered 
patient-specific implant (purple). 
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Figure C.7 Specimen 11-03045R  
This image displays the casts, point cloud digitizations and the resulting surfaces for 
radiocapitellar contact area for the native radial head (grey), axisymmetric implant 
(blue), population based quasi-anatomic implant (orange) and the reverse engineered 
patient-specific implant (purple). 
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D APPENDIX D - VALIDATION OF THE LCL REPAIR 
CONDITION AS A CONTROL 
The results of comparing medial-lateral translations as well as anterior-posterior 
translations for the intact elbows with the native radial head and following LCL 
sectioning and repair are shown here. There was no significant difference (p>0.05) for 
active or passive motion. 
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Figure D.1 Intact Elbow vs. Control  
Intact (solid line) represents the fully intact joint and native RH (dashed line) represents 
the native radial head (control) condition (with sectioned and repaired LCL). There were 
no significant differences between the intact elbow and the native radial head control 
condition (p>0.05). 
A. Medial-lateral translations during passive forearm rotation 
B. Medial-lateral translations during active forearm rotation 
C. Anterior-posterior translations during passive forearm rotation 
D. Anterior-posterior translations during active forearm rotation 
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E APPENDIX E - MEAN KINEMATICS DATA WITH 
STANDARD DEVIATIONS 
Table E.1 Medial-Lateral Translation during Active Rotation 
This table displays the mean ML translation and standard deviations during active 
forearm rotation (every 10°) for the native RH, the axisymmetric implant, the quasi-
anatomic implant and the patient-specific implant. Positive rotation represents 
supination.  
 
 
  
-50° -40° -30° -20° -10° 0° 10° 20° 30° 40° 50°
native RH mean (mm) 0.32 0.43 0.78 0.66 1.04 1.78 1.61 1.63 1.58 1.49 1.37
std dev (±mm) 0.87 0.68 1.07 1.20 1.10 1.38 1.86 1.66 1.23 0.83 1.05
axisymmetric mean (mm) 0.94 1.11 1.08 1.21 1.53 1.64 1.57 1.64 1.60 1.24 1.16
std dev (±mm) 1.48 1.69 1.53 2.03 2.26 2.29 2.67 3.17 2.99 2.20 2.18
quasi-anatomic mean (mm) 1.00 1.19 1.16 1.54 1.45 1.95 1.98 2.04 1.57 1.66 1.47
std dev (±mm) 0.77 0.97 1.17 1.49 1.55 1.95 2.12 2.36 1.56 1.67 1.71
patient-specific mean (mm) 0.81 1.01 0.96 1.30 1.61 1.98 1.76 1.85 1.62 1.63 1.37
std dev (±mm) 1.44 1.37 1.39 1.65 2.01 2.01 2.34 2.25 1.94 1.69 1.58
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Table E.2 Medial-Lateral Translation during Passive Rotation 
This table displays the mean ML translation data and standard deviations during passive 
forearm rotation (every 10°) for the native RH, the axisymmetric implant, the quasi-
anatomic implant and the patient-specific implant. Positive rotation represents 
supination.  
 
 
 
  
-50° -40° -30° -20° -10° 0° 10° 20° 30° 40° 50°
native RH mean (mm) 0.26 0.38 0.32 0.56 0.85 0.87 1.01 1.00 0.94 0.86 0.56
std dev (±mm) 1.67 1.05 1.01 1.05 1.16 1.48 1.52 1.64 1.66 1.37 1.30
axisymmetric mean (mm) 0.89 0.61 0.67 0.46 0.47 0.60 0.26 0.22 0.06 -0.28 -0.41
std dev (±mm) 1.45 1.55 1.62 1.56 2.40 2.53 2.79 2.99 2.78 2.12 2.00
quasi-anatomic mean (mm) 0.46 0.75 0.55 0.68 0.91 1.05 0.93 0.96 0.47 0.40 0.20
std dev (±mm) 1.23 1.10 1.17 1.39 1.46 1.70 1.74 2.16 1.89 1.77 1.55
patient-specific mean (mm) 0.74 0.47 0.22 0.58 0.90 0.98 0.57 0.60 0.43 0.28 0.35
std dev (±mm) 1.60 1.43 1.44 1.80 1.81 1.94 2.19 2.15 1.74 1.64 1.57
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Table E.3 Anterior-Posterior Translation during Active Rotation 
This table displays the mean AP translation data and standard deviations during active 
forearm rotation (every 10°) for the native RH, the axisymmetric implant, the quasi-
anatomic implant and the patient-specific implant. Positive rotation represents 
supination.  
 
 
  
-50° -40° -30° -20° -10° 0° 10° 20° 30° 40° 50°
native RH mean (mm) 2.31 2.22 1.95 1.87 1.75 1.82 1.52 1.71 1.94 2.12 2.29
std dev (±mm) 2.09 1.84 1.87 1.92 1.94 1.89 1.95 2.08 2.04 2.06 2.03
axisymmetric mean (mm) 4.76 4.14 4.37 4.08 3.69 3.49 3.25 3.27 3.23 3.32 3.19
std dev (±mm) 3.00 2.50 2.18 2.16 2.09 2.18 2.24 2.23 2.14 2.15 2.10
quasi-anatomic mean (mm) 3.36 3.52 3.56 3.31 3.07 2.94 2.91 3.12 3.18 3.18 3.16
std dev (±mm) 2.46 2.10 1.93 1.85 2.03 1.97 1.97 1.96 2.03 1.89 1.88
patient-specific mean (mm) 3.25 3.63 3.83 3.50 3.22 3.04 2.96 2.92 2.90 2.91 3.02
std dev (±mm) 2.11 1.87 1.98 1.91 1.92 2.03 2.21 2.26 2.19 2.14 2.25
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Table E.4 Anterior-Posterior Translation during Passive Rotation 
This table displays the mean AP translation data and standard deviations during passive 
forearm rotation (every 10°) for the native RH, the axisymmetric implant, the quasi-
anatomic implant and the patient-specific implant. Positive rotation represents 
supination.  
 
 
 
-50° -40° -30° -20° -10° 0° 10° 20° 30° 40° 50°
native RH mean (mm) -1.42 -1.63 -2.14 -2.43 -2.61 -2.67 -2.51 -2.49 -2.40 -2.29 -2.23
std dev (±mm) 2.39 2.54 2.59 2.84 3.05 3.20 3.45 3.49 3.51 3.38 3.31
axisymmetric mean (mm) -1.01 -0.97 -1.37 -1.92 -2.28 -2.75 -2.87 -3.14 -3.18 -3.35 -3.74
std dev (±mm) 3.44 3.54 3.15 3.15 3.17 3.20 3.03 2.80 2.15 1.78 1.95
quasi-anatomic mean (mm) -1.30 -1.50 -1.97 -2.19 -2.31 -2.38 -2.34 -2.22 -1.89 -1.99 -2.03
std dev (±mm) 3.34 2.99 2.84 2.69 2.57 2.58 2.38 2.08 1.61 1.58 1.44
patient-specific mean (mm) -0.64 -1.21 -1.55 -1.96 -2.19 -2.19 -2.23 -1.89 -1.86 -1.85 -2.15
std dev (±mm) 2.92 2.63 2.49 2.28 2.24 2.46 2.41 2.08 2.16 2.10 2.00
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